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Figure A3. Overview of launch operation.

APPENDIX B: HYDRODYNAMIC FORCE 4. Comparison of present force levels in longi-
MODEL tudinal wires, bracket wires, and their connecting

ties with their estimated ultimate loads,
Scope of Evaluation

This appendix summarizes the results of the FY73 A large-scale computer simulation of the mat
• work , which is fully reported in CERL Interim Report structure was considered beyond the scope of the

M-84 .5 The major mat components considered in this investigation.
study were the longitudinal wires, the bracket wires,
and their associated connecting ties and wraps. The Forces Exerted on the Mat Components
launch cable system was considered in a previous re- The components of the mattress system must be
port ,6 and was not evaluated in this investigation, capable of sustaining the forces and deformations ap-

plied to them during all phases of their life from the
The primary tasks undertaken in the evaluation casting yard through service on the river bottom.

were as follows: Scouring, corrosion, and other effects generated once
• the mat is on the river bottom were not considered.

I. Investigation of the nature and magnitude of the The detailed field evaluation of these various acti-
fluid forces exerted on the mat during launch. vities reveals that the maximum forces are probably

• generated during three distinct operations: (1) lift.
2. Determination of the forces and deformations ing the mat over the edge of the launch plant, (2)

exerted on the mat by the launch barge during launch. motion of the mat over the edge of the launch
plant, and (3) passage of the mattress through the

• 3. Determination of the ultimate strength and load- water and settlement on the bottom.
• deformation resistance of the longitudinal wires,
• bracket wires, and their connecting ties. Analysis of Fluid Forces

Basic Model
A preliminary model for estimating the magnitude of5 F. Keaz -sey and F. Plummet, Study of Articulated Con-

crete Revetment Mattress: Test and Analysis, Interim Report the fluid forces on the mattress was suggested by
M-84 (U. S. Army Construction Engineering Research L.abora- Murtha.7 The mat was assumed to be a flat plate on-
tory ICERLI, 1974).

• 6ShO,,e Anchor Pull-Out Tests; Force Study BPP No. 8, ~3. P. Murtha, Hydrodynamic Force Model for the Ar ti-
(Revetment Operations Improvement Board, Memphis Engi- culated Concrete Mattress , Letter Report (University of 1111-

- near District, February 1966)- nois, 22 SeptembeT 1972).
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Figure 131. “Strip Theory” model for calculating fluid forces. ~ conversion factor: 1 ft = 0.3048 m.

ented vertically in a steady flow and inclined at some CDA P Vo2
angie of attack to the direction of flow. The unit sec- F~ 

= _________ - [Eq BI i
tion of the mat was taken as two blocks interconnected —

by longitudinal and bracket wires (Figure B 1). The flow
• is idealized as illustrated in Figure B!, and the velocity

is assumed uniform over a strip 2.5 ft (0.8 m) wide and where CD the drag coefficient =
140 ft (42.7 m) long. Pressure distributions on two- 

_______________________

dimensional plates at various angles of attack were ob- L
tam ed from Fage and Johansen’s report.8 A computer (1.89 + 1.62 log10—) 2.5

• program was written integrating the pressure forces C

over a 2.5-ft (0.8 m) strip of mattress to give the
resultant pressure forces perpendicular to each two- L = length of a strip p = mass density of the fluid• block unit. The boundary friction forces (parallel to
the mat) were calculated from the expression:9 

e = roughness factor Vo = velocity over the strip
8A. I-age and F. C. Johansen, The Connection Between Lift

and Circulation of an Inclined Flat Plate, Reports and Memor- A = area F1 = fluid friction factor
anda No. 1104 (England: Aeronautical Research Committee,
1927) .

v ii. Schlictlng, Boundary Layer Theory (McGraw-Hill, These friction factors were assumed to act on both
I -

~ 
1960), Chapters 20-21. sides of the mat.
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Figure B2. Resultant pressure forces on two-block units along the strip of maximum velocity. SI conversion factor :
I ft O.3048m; I lbf 4.448 N.

The porosity of the mat was neglected, and the iner- pressure force dominates. In both cases the fluid fric-
tial fluid forces generated during launching were ne- tion force (FF) is insignificant.
glected for this preliminary model.

~ I Fluid Forces — During Launch Operations
The resultant pressure forces acting on each two- From the preliminary model it is seen that for small

F block unit along the strip of maximum velocity were angles of attack there is a sharp pressure gradient across
• plotted in Figure B2 for an angle of attack of 5.85° a horizontal strip of mat. Under normal conditions the

and maximum current velocities of 4 and 8 ft/sec (1.2 mat forms an angle of attack of from 0° to 15 ° relative
and 2.4 m/sec). It is seen that for this small angle of to the (low. The current impinges on what will ultimate-
attack the maximum pressure force occurs close to the ly be the top (>1 the m a t , and the pressure hirces hold
upstream edge of the mat. For large angles oF’ attack the ma( in a stable position against the launch barge 

•
the peak pressure displaces toward the center of the and the river bottom.

- mat.
• Under abnormal conditions the current may impinge f

- Figure B3 shows the fluid pressure force (Fe), fluid on the back or underside of the mat, causing the mat
friction force (Fe). and the weight in water (We) which to become unstable. For small angles of attack against • 

-

act on the most highly stressed two-block unit. For a the backside of the mat, the pressure gradient would
I maximum velocity of 4 ft/sec (1.2 rn/see) the pressure most likely tend to peel the upstream edge of the mat- - 

-.

- • 
- 

force and effective weight are of approximately the tress downstream and toward the shore. (‘l’his pheno-
same magnitude, while at higher current velocities the menon is also often observed during the launch of the

—
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Figure B3. Forces applied to two-block unit. SI conversion factor: I lbf = 4.448 N.

mat. Once the final launch leaves the mat plant, it tralize the pressure forces on the front of the mat for
loses its upper edge support against the barge and tends small angles of attack. Fluid inertial effects might also I - 

-to execute large deformations. This is shown in Figure contribute to an unstable condition.
134 by the launch cables which are displaced down-
stream.) For large angles of attack against the back-

• side of the mat, one would expect a more uniform and
general billowing of the mattress away from the The most effective method of controlling unstable - . - •

bottom and toward the river surface. behavior during launching is to maintain current on the
top of the mattress and to restrain the upstream edge - -

• of the mat from any appreciable movement , The weight
The launch process itself can cause a tendency for of the mattress also contributes to maintaining a stable

the mat to become unstable. Figure B5 shows the path mat configuration. Although the present toggle beam
that the mattress would take while settling to the bot- system will restrain the upstream edge, it is time con-
torn. Measurement of the velocity of the launch barge suming to attach toggle cables at less than 25-ft (7.6 m)
and the velocity of the mat relative to the launch barge intervals (i.e., more than one per launch). Under these
indicates that mat velocities of approximately 0.5 conditions, a 25-ft (7.6 m) section of mat becomes free
ft/sec (0.2 m/sec) can be developed during normal when the toggle cable is released from the bottom of
launching operations. A relative component of current the toggie beam, and the mat can then execute large
velocity is generated against the mat which could neu~ deformations.

22 1 . 
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Figure 134. Last launch — launch cables pulled downstream.
A

V LAUNCH 1//I I / __________________________

= Y.BA~G~ //J/~ L___ 1_
~~ 

=

/ / A’, B’, C’ AND 0’ INDICATE LOCATION OF/ / POINTS A , B, C , AND 0 AFTER LAUNCH PLANT
/ 

/ HAS MOVED TO INDICATED POSITION

//

• Figure B5. Movement of the articulated concrete mattress during launch.

Longitudinal Wire Analysis an electromechanical gage in place of an end-twist-tie
connection. No longitudinal forces were measured be-

Longitudinal wires are defined as the three wires tween the concrete blocks within a square. The mean
which run along the long axis of a square (Figure Al). ultimate tensile strength of the standard end.twist link
The longitudinal wires of adjacent sqiares are connected was determined to be 3587 lbf (16.0 kN) by slow
with end-twist-tie connections. Various types of links monotonic extension tests. The wire fabric has a ten- •

are used to compensate for different intersquare spac- sile strength exceeding 4000 lbf (17,8 kN); thus, the
ing. All field measurements of longitudinal wire force end twist is the weakest link in the longitudinal wire
were accomplished by inserting either a mechanical or system.

- - 
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APPENDIX C: is subjected to a series of dynamic forces of undeter-
STRUCTURAL ANALYSIS OF mmcd magnitude during the launching process. Instead ,
ARTICULATED MATTRESS (lie analyses were restricted to simple static calculations

and analytical models which could provide insight into
Basis for Analyses the general behavior of the mattress and could be cor-

The first phase of the test program was conducted related with the field data.
September-Decem ber 1973. Electrical/mechanical gages
were used to determine the location and nature of the Analyses
maximum longitudinal wire force. The time history re- During the launch process several factors induce

L corded from these gages revealed that: (1) the gages forces in the longitudinal wires. Included among
were not loaded simultaneously nor to the same level, these are :
and the loading was very erratic ; (2) the maximum
forces occurred as the mat began its descent over the 1. Static friction between the mat and the rollers
edge of the launch barge ; and (3) by the time the gages
entered the water and left the influence of the launch 2. Rolling friction between the mat and the rollers
barge, the forces had diminished significantly and ap-
peared to be redistributed among the longitudinal wires. 3. Sliding friction between the mat and the launch-
To explain these phenomena, the second phase of the ing barge edge
test program in October-December 1973 was structured
to include special tests to: 4. The sharp curvature occurring as the mat traverses

the launch fInger apron
1. Determine why the forces in the longitudinal

wires decrease when the mat enters the water 5. Fluid forces on the submerged mat

2. Investigate force distribution among the three 6. The weight of the submerged mat
longitudinal wires.

7. Inertial effects ,
Scope of Analyses

• An elaborate simulation model of the behavior of an However, time-history records from the electrical!• articulated concrete mattress was not undertaken, be- mechanical gages used in the field tests indicated that
cause a mat is a complicated structural assemblage and the peak longitudinal forces were , in general, associated
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Figure Cl. Block dimensions and spacings. SI conversion factor: I in. 25 .4 mm.
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with the mat’s progress o;er the edge of the launch determined by laboratory testing, was about 0.015 in.!
plant. At this stage in the launch operation, forces in. (rn/rn).
produced by the angle change associated with the mat
trave rsing the launch finger apron would be most likely Results of this simple calculation prompted further
to cause the peak forces, examination of the possible angle change which adjacent

blocks could assume wi thout inducing fractu re strain
The basic cross-sectional dim ensions and spacings of in the longitudinal wires. For these calculations , the

a typical concrete end block of a square arc shown in three configurations shown in Figure (‘4 were assumed
Figure (‘ I. A typ ical block is 3 in. (76.2 m m )  thick and
14 3/8 in. (4.4 in) long at the bottom . The interstitial
spacing between the blocks is I in. (25.4 mm) at the -- - -

top and tapers to 5/8 in. (15.9 mm) at the bottom. The L ~-

end block spacing is a constant 1/2 in. (12.7 mm). End- 
- - - - - - ..

twist-tie connections are installed at the end block 
— - 

- - 
- - - 

- -.

which has the constant spacing of 1/2 in. (12.7 mm); - - 
- - - - -.

however, because the amount of slack associated wi th
the end-twist connection was unknown, it was decided
to use the interstitial spacings to determine the angle
change of the mat as it follows the curvature of the
launch finger apron.

The launch finger apron (Figure C2) has a radius of
1 ft 7 3/4 in. (0.5 rn). If adjacent blocks in a square are 

I9~~~~~considered to be rigid and are assumed to adopt a con- \ /
fIguration where they remain tangent to the radius of \ /
the launch finger (Figure C3), lower corners of the \ /
adjacent blocks will meet and the longitudinal wire
will undergo strain. The angle change associated with
this configuration is 390 59 143 11 and change in length of ‘ i’. ~~ 43 ••

the longitudinal wire is 0.465 in. (11.8 mm). That I~O

change in length corresponds to an average strain of a . - 90-011,5 
~0 495

approximately 0.437 in./in. (rn/rn). l’hiswould produce Figure C3. Angle change at launch finger apron. SI con-
fracture of the wire since the failure strain of the wire, version factor: 1 in. = 25.4 mm.

CURVE’) WIRE STRAIGHT WIRE RIDE —UP

$~ 23° 52’ 23 • .24 22~ 25 • ~25 34 2I~

Figure C4. Potential angle change configurations SI conversion factor: I in. = 25.4 mm.
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to represent conditions that might exist in the field. In in Figure C2. the angle change ei pericn~cd ~ th e
the first and second configurations the blocks we re blocks would decrease - Likewise . if the blotks did fbI
assumed to lock at their lowercomers ,while in the third fully conform to the )aun -i finger apion T-Jdlus i.e -

configuration one block was allowed to ride up on the if the lead block were restrained from con forming to

other. In the first configuration the longitudinal wire the launch finger apron radius by the Ioic~ in the
was assumed to adopt a curvature that produced an longitudinal wires - -an effective angle change less than
angle change of 230 52’ 28”. For the second configura 390 59~ 43” would also result.
(ion, the longitudinal wire was assumed to remain
straight and the angle change was computed to be The field data were analyi.cd 10 determine ii if ,e~
24°33’2 5 .  In the third configuration the angle change supported the theory that the maximum lorces were
was 25°34 21 . occurring as the mat traverse d the launch finge r apron

and that these forces were being induced in the longitu-
The angle change that can occur in the blocks with dinal wires as a result of an angle or curvature change

out causing failure strain was computed to be only other than that caused by actual forces being applied
-
- - about 60 percent of the maximum angle change the to the mat and then transmitted to the longitudinal

blocks might experience while traversing the launch wires. Special field tests were conducted to confirm
fInger apron. It was anticipated that any force in the thiS theory.
longitudinal wires induced by the weight of the mat
suspended below the launch finger apron might result Since the results from the special field tests tended
in sufficient force for the mat to experience an angle to support the theory that the forces induced in the
change larger than 23° to 25°—and thus produce the longitudinal wires were produced by the angle changes
peak force in the longitudinal wires. associated with the launch finger apron, it was decided

to analyze the end connection force data recorded by
It was also recognized that several potential effects the mechanical gages in the two- and three-gage config-

could be responsible for the 40 percent difference urations. Theoretically, if the peak forces induced in
between (1) the angle change the blocks could undergo the longitudinal wires were attributable to the angle
without breaking the longitudinal wires, and (2) the change at the launch finger apron, the total connection
angle change associated with the launch finger apron. force would be proportional to the number of longitu-
These effects are : dinal wires; i.e. the total force for the two-gage con- -

figuration would be two-thirds of the total force
1. Crushing of the concrete at the lower corners of for the three-gage configuration. (Note that for the two- —

the blocks when the blocks lock up gage configuration the center end-twist-tie connection
was not installed; consequently the two mechanical

2. Different spacings between the blocks gages installed on the outer longitudinal wires carried
all the force transmitted between squares. In the case

3. Different radii for the launch finger aprons of the three-gage configuration, however , the three
- - - - - -  

wires do not carry equal loads because of dimensional
4. The effective angle in the launch finger apron variations in assembling the mat on the launch plant. 

-~

being less than 390 591 430 One of the gages is likely to carry only a percentage of - -

the average of the force being carried by the two gages
5. Crushing of the concrete around the points where which initially define a straight line.

the longitudinal wires enter and exit the block, caused
by high bearing stress imposed by deformation of the Table Cl summarizes the two-gage connection force
longitudinal wires as the blocks traverse the launch measurements and indicates that the average total force
finger apron. for the two-gage configuration was 4.79 kips, with a

standard deviation of 1.76 kips (2 1.3 kN). Table C2
6. Placement of the longitudinal wires at other than summarizes the three-gage connection force measure-

mid.height of the block. ments and indicates that the average total force for this
configuration was 6.55 kips (29 .3 kN), with a standard -

Of all these effects, the most logical explanation deviation of 2.43 kips (10.8 kN). Based on t hese
appeared to be that the effective angle change experi. average values, the ratio of (he total two-gage cormection
enced at the launch finger apron is less than 39°59 ’43 ”. force to the total three-gage connection force is 0.74
If the launch finger were retracted more than is shown which is about 10 percent higher than the theoretical

27
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Table Cl -

Summasy of Two-Gage Connecdon Force Measurements

Locat ion D*te Mat Launch Individual Gage Total
Number Barge Forcea (klpi) Force

I 3 (kl pI)

Mareliant , LA 22 Oc 73 15 Vicksburg 1.65 1.6 .3.25
Marchant , LA 22 Oct 73 15 Vicksburg 2.2 1.9 4.10
Marchan t. LA 22 Oct 73 15 Vicksburg 2.4 1.3 3.70
Marcha nt , LA 22 Oct 73 16 Vicksburg 2.5 1.7 4.20
Marchant , LA 22 Oct73 16 Vicksb urg 2.3 2.0 4.30
Allendale, LA 26 Oct 73 7 Vicksbuzg 3.15 3.75 6.90

• Coochie, LA 12Nov73 12 Vtcksburg 2.4 2.3 4.70
Coochie, LA 13 Nov 73 19 Vicksburg 2.85 3.2 6.05
Pt. Breeze, LA 15 Nov73 19 Vicksburg 2.7 2.5 5.20
Pt. Breeze , LA 15 Nov 73 20 Vicksburg 2.9 2.15 5 .05
Pt. Breeze , LA 15 Nov 73 21 Vicksburg 2.5 1.4 3.90
Pt. Pleasant , LA 4 Dec73 4 Memphis 5+ 5 10.0
Pt. Pleasant , LA 4 Dec 73 4 Memphis 2.75 1.1 3.85
Pt. Pleasant , LA 4 Dec73 S Memphis 2.5 2.7 5.20
Pt. Pleasant , LA 5 Dec73 11 Memphis 0.9 0.95 1.85
Pt. Pleasant, LA 5 Dec 73 12 Memphis 3.3 2.25 5.55
Pt. Pleasant , LA 5 Dec73 12 Memphis 3.9 1.4 5.30
Pt. Pleasant , LA 5 Dec73 13 Memphis 2.05 1.8 3.85
Pt. Pleasan t , LA 6 Dec 73 17 Memphis 3.5 2.95 6.45
Pt. Pleasan t , LA 6 Dec73 17 Memphis 1.6 0.75 2.35

Average : 4.79
* SI conversion factor: I kip = 4.448 kN. Standard Deviation: 1.76

Table C2

Summary of Three-Gage Connection Force Measurements

• Location Date Mat Launch Individual Gage Forces Total Smallest Force
Number Barge (kips)* Force ½ € large

1 2 3 (kips) forces

Burnside , LA 19 Oct73 23 Vicksburg 1.25 K 1.4 K 1.6 K 4.25 0.83
Marchant , LA 22 Oct 73 14 Vicksburg 3.1 2.0 2.15 7.25 0.75
Allend ale , LA 25 Oct73 I Vicksburg 2.8 1.8 2.0 6.60 0.75
Allendale, LA 26 Oct73 7 Vicksburg 2.15 1.65 1.9 5.70 0.81
Baleshed , MS 7 Nov73 6 Memphis 2.9 2.1 2.2 7.20 0.82
Coochie, LA 12Nov73 12 Vicksburg 1.8 1.75 1.65 5.20 0.93
Coochie , LA 13 Nov73 19 Vicksb urg 2.5 2.15 2.5 7.15 0.86
Pt. Breeze , LA 15 Nov73 18 Vicksburg 1.65 0.5 2.05 4.20 0.27
Pt. Breeze , LA 15 Nov 73 19 Vicksburg 1.9 2.0 1.8 5.70 1.00
Pt. Pleasant , LA 4 Dec73 4 Memphis 1.3 3.7 0.5 5.50 0.20
Pt . Pleasant , LA 4 Dec73 4 Memphis 2.95 5+ 5 12.95 0.59
Pt. Pleasant, LA 4 Dec73 5 Memphis 1.9 1.7 2.3 5.90 0.81
Pt . Pleasan t , LA 5 Dec 73 11 MemphIs 3.6 1.8 4 9.40 0.47
Pt. Pleasant , LA 5 Dec 73 12 Memphis 1.65 0.5 0.75 2.90 0.42
Pt. Pleasant, LA 5 Dec73 13 Memphis 2.4 2.1 1.3 5.80 0.20
Pt . Pleasant , LA 5 Dec73 13 Memphis 4.3 1.1 0.55 5.95 0.58
Pt . Pleasant, LA 5 Dec73 14 Memphis 3.5 5+ 3 11.50 0.71
Pt. Pleasant, LA 5 Dec 73 14 Memphis 2.0 .95 2.4 5.35 0.43
Pt. Pleasant , LA 6 Dec73 17 Memp his 3.2 1.65 1.9 6.75 0.65
Pt. Pleasant , LA 6 Dec73 17 Memphis 2.25 2.1 1.3 5.65 0.60

Average : 6.55 0.63 -:
* SI Conver sion factor: I ~rjp 4.448 kN. Standard Deviation: 2.43 0.24
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value of 0.67. This, however, does not include a to the corrected total three-gage connection force now
correction for the fact that one gage of the three-gage becomes 0.64. This ratio compares extremely favorably
configuration is not 100 percent effective. To estimate (within 112 percent) with the theoretical value of 0.67.
the effectiveness of that gage for each set of three-gage
d.,ia. lIre sm allest gage f~ rce was divided by (he average Although the results of this analysis were encour-
d t lit- w r l:i, ger gages; I he mesul Is of I hi:. calcula Iii in aging. ii was uecessamy to dete FUi~ ire t lie Force induccd

L appear in iablc Cl Based on the 20 sets of data , the in the longitudinal wire by the subnicrged h int hanging
smallest gage force was an average of 63 percent of the vertically in the water , to ascertain that the forces re-
average of the two larger gage forces—i.e.,one end-twist. corded by the mechanical gages were not attributable
tie connection is only 63 percent effective. Consequent- solely to the weight of the hanging mat. To estimate
ly, the average force of 6.55 kips (29.3 kN) for the the total force at the connection for the case of one
three-gage configuration must be corrected by the factor square submerged in water , the simple calculation

illustrated in Figure CS was performed, with the fal-

— 
lowing assumptions:

2.63 1.14
1. A fixed support is representative of the constraint

to compensate for the fact that on the average only conditions at the river surface
2.63 gages were fully effective. Applying this correc-
tion factor results in an average three-gage force of 2. A free support is representative of the constraint
7.47 kips (33.2 kN). If the mat assembly tolerances conditions at the river bottom
were such that the three gages were fully effective,
7.47 kips (33.2 kN) would be the average total force 3. Fluid pressure and frictional forces are negligible
for the three-gage configuration. The ratio of the
average values of the total two~gage connection force 4. Inertial forces are negligible

~CTI)AL _ASSUMPTSOPIS MODEL
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Figure CS. Simple force distribution model. SI conversion factor: I lbf 4.448 N; 1 in. = 25.4 mm.
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5. The launch cable stiffness is many times greater connected to the launch cable longitudinally, arc
than the bracket wire stiffness represented by the vertical springs with stiffnesses of

~2 equal to one-half the bracket wire longitudinal
6. The blocks of the square are rigid, stiffness. These springs are mutually connected within

each block system. and have the launch cable spring,
On the basis of these assumptions the solution to the K 1, as a common point.
problem was simplified to one equation with one
unknown. Laboratory tests indicated that the longitud- After every tenth block system, which represents a
inal stiffness of an individual end-twist-tie connection square, the following block system is connected by a
was approximately 8869 lbf/in. (1.6 kN/mm) and the spring with a stiffness, K3, equal to the total connection
longitudinal bracket wire stiffness was about 5200 lbf/ wire stiffness in the actual mattress. The other systems
in. (0.9 kN/ mm) . Also, field data from the initial phase are all connected by a vertical spring, 1(4, which joins
of the test program indicated that when all three longi- the center of the upper block of each system to the
tudinal wires were connected by mechanical gages at lower block of the system above it. 1(4 represents
the connection between squares, the third gage recorded the total stiffness of the longitudinal wires embedded
only about 50 percent of the average force recorded by in the concrete blocks.
the other gages. It was consequently assumed that the
total Iongi~udinal wire connection stiffness was about The assumptions for this analysis are similar to
2 1/2 times the individual stiffness. Using these numer- those for the simple force distribution analysis, except
ical values, solving the single equation, and back- that in this multi-square force distribution model, the

• substituting the result to calculate the forces, it was launch cable stiffness and the longitudinal wire stiffness
determined that the total end-twist-tie connection are included, and the forces in these wires are deter-
force would be about 571.0 lbf (2.5 kN) and the total mined. In the multi-square force distribution model
bracket wire force would be about 133.8 lbf (0.6 kN). the submerged weight of the co,icrete blocks causes
While both these values appeared reasonable because each spring to displace, creating a force which is
they did not contradict the observed field data, it was representative of the actual forces induced in the wires
realized that: of the mattress. A series of simultaneous equilibrium

equations was developed based on the displacements of
1 - If the launch cable stiffness were included, the the springs. A computer program was then written

forces in the longitudinal wires would increase which solved the equations by the Gauss Elimination
method and then calculated the forces in each spring.

2. If more squares were added, the weight of the
• suspended model would increase and the forces carried The analysis of the multi-square force distribution

in the longitudinal wires would consequently increase model can be divided into three cases. Each case
calculated the total forces which would occur in the

3. To determine how the forces we re distributed launch cable , bracket wires , longitudinal wires, and
among the launch cable, bracket wiTes, longitudinal end-twist-tie connections for (I) a three-longitudinal-
wires, and longitudinal connection wires (end-twist-tie wire system, (2) a tw~’-longitudinaI-wire system, and (3)
connection), a more refined model was required that a one-longitudinal-wire system. The three-longitudinal-
could be used to investigate the impact of changes in wire system represents the mattress in its original

• number and size of longitudinal wires. Figure C6 configuration with three longitudinal wires; the two-
illustrates the more refined model that was developed, longitudinal-wire system represents the deletion of one

of the three longitudinal wires; and the one-longitudinal.
The model, consisting of4O block systems, represents wire system represents deletion of two of the three

the force distribution in four squares of mattress hang- longitudinal wires.
ing in water at a depth of 100 ft (30.5 in) or more . As

• seen in Figure C6, each system is made up of two The launch cable stiffness and bracket wire stiffness
rectangular blocks weighing 95.5 lbf (0.4 kN). The were constant in all three cases. However, in the first
various springs represent the different wires throughout case , stiffnesses representative of 0.162-in. (4.1 mm)
the mattress. The vertical spring with stiffness K1 COfl - diameter wire were used for the longitudinal wire
nects each block system and is representative of the springs, and stiffnesses representative of the end-twist-
launch cable stiffness. The bracket wires, which pass tie wire were used for the end-twist~tie connection
through the concrete blocks latitudinally and are springs. In case two , stiffnesses representative of 0.141 - 

•
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• in. (3.6 mm) diameter wire were used for the longitu- It should be noted that as the number of longitudinal
dinal wire springs and the stiffnesses of the end-twist- wires is decreased within a given case , the launch cable
tie connection springs remained the same. The fInal takes up more of the load.
case also used stiffnesses representative of the 0.141-in.
(3.6 mm) diameter wire ;however , the stiffnesses of the Figures ClO through C12 are plots of the forces in
end-twist-tie connection spring were reduced by 21 the bracket wires for cases I, 2, and 3, respectively.
percent to simulate the use of smaller diameter end- The forces in the bracket wires are seen to fluctuate
twist-tie connection wires. The values of the different within each square of the 10-block system. It can also
spring constants for these three cases are presented be seen that the bracket wires interact with the launch
in Table C3. cable; as the launch cable forces increase and decrease ,

so do the bracket wire forces.
The spring constant K1 is representative of the

stiffness of a 30.in. (0.7 m) length of 3/8 in. (9.5 mm) The total forces in the end-twist-tie connection wire
diameter launch cable and was determined from actual and the bracket wires of the simple free distribution
test data. K2 represents the values determined from the model are slightly less than those in the multi-square
longitudinal bracket wire tests on copperclad wire, force distribution model, although the two models arc
The values for K3 are integer multiples of the number in reasonable agreement. For the multi-square force
of longitudinal wires used in the system—except for distribution model at the tenth block system of case I
the three-wire system, in which K3 was taken to be for three wires, the total bracket wire force was 157.76
2.63 times the individual end-twist-tie connection wire Ibf (0.70 kN) and the total connection wire force was
stiffness, as discussed earlier. The stiffness values of K4, 725.78 lbf (3.25 kN). This compares to 133 .8 lbf
the longitudinal wire stiffness, were multiples of the (0.60 kN) in the bracket wires and 571.0 lbf (2.54 kN)
number of longitudinal wires in the system times the in the connection wires for the simple force distribu-
average stiffness of a 15-in. (0.4 m) length of longitu. tion model,
dinal wire.

The plot presented in Figure C13 was developed to
Results from the refined force distribution model check the results of the multi-square distribution model

are presented in Figures C7 through C12. Figures C7 against the observed field data. The water depth at
through C9 are plots of the launch cable forces and the the time of launching of the various two- and three-
longitudinal wire forces for cases 1, 2, and 3, respectively, mechanical-gage confIgurations used to acquire the

• These plots show that the forces in the launch cable data for the initial portion of this analysis was estimated
and longitudinal wires increase approximately linearly from notes taken during the launching operations in
with depth. The slight cusping effect is due to the FY 73 and some interpolation. The various data points
transfer of forces between the launch cable and the in Figure Cl3 were plotted from the sum of the two-
longitudinal wire through the bracket wires. (For and three-wire forces recorded by the mechanical gages,
clarity, the data points between the cusps were deleted.) and the estimated water depth. For comparison, Figure

Cl3 also contains the estimated total end-twist-tie
Table C3 connection force predicted by the multi-square force

distribution model of the original mat design. A
Spring Const ants for Force Distribution Model comparison of the average total connection force tor

the two- and three-gage configuration and the resultLongitudinal
Case Wires Sp r ing Constants nb/in.)’ of the multi-square force distribution model indicates

~i ~2 1(3 1(4 the weight of the hanging mattress should not influence
the peak connection forces recorded by the mechanical

3 61261.1 2600 .0 22172.0 105000.0 gages, since all the observed field data plot above the -2 61261.1 2600 .0 17737.0 70000.0 force levels predicted by the model. Furthermore , the1 6 12611 2600.0 8868.8 35000.04

3 61261.1 2600.0 22172.0 82960.5 mats have to have been launched in 156 to 230 ft

1 61261.1 2600.0 8868.8 27653 .5 mat to exceed the peak forces induced when the mat
2 2 61261.1 2600.0 17737.0 55307.0 (47.5 to 70.1 m) of water for the weight of the hanging

3 61261.1 2600.0 17518.1 82960.5 traverses the curvature of the launch finger apron,3 2 61261.! 2600.0 14014.0 55307.0
1 61261.1 2600.0 7007.2 27653.5

tion model, the maximum forces in the launch cable

— 

•sl conversion :actor: i i b / i n — : 7 9 k g/rn. 

- - -  

To evaluate results of the multi-square force distrihu-

31



~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ —‘~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~-~~~ ‘ -r-’-~~- 
- ~~ - - -~~ .

WATER SU~FACE’ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I,, ~~~IIiIIIJ1 JIIJ

. - - ~~~~~~~~~~~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

BLOCK SYSTEM 40 —
~
- 

}—~ 
K1

~~

I i

_ _ _ _ _I
~ 1(4

-

~~~~ 

~ K4

BLOCK SYSTEM I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

K, :CABLE STIFFNESS
K2 : ~ BRACKET WIRE LONGITUDINAL STIFFNESS
K3 TOTAL CONNECTION WIRE STIFFNESS
1(4 = TOTAL LONGITUDINAL WIRE STIFFI~t€SS

APPEARS AFTER EVERY /0 th BLOCK SYSTEM

Figure C6. Multi.square force distribution model.
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TableC4 Table CS

Factors of Safety Maxim um Stress (kal)

Number of Number of
Longitudinal Wires Case I Case 2 Cue 3 LongitudInal W ire Cue I Cue 2 Case 3

Wires Wires -

interblock 3.47 3.10 3.18 lnterblock 48.9 57.7 562
Cable 4.17 4.00 3.83 1 Cable 59.8 62.5 65.2
Block-to-Block 3.43 3.04 3.13 Block-to-Block 493 58.8 57.2

• 3 End-Twist-T ie 3.67 3.97 3.83
Average F.S. 3.69 3.53 3.49 Interblock 583 67.8 65.9
Standard Deviation 034 033 0.39 2 Cable 66.7 69.2 71.4

Block-to-Block 59.5 69.5 67.5
lnterblock 3.48 3.16 3.25
Cable 3.74 3.61 3.49 lnterblock 71.1 79.4 77.7
Block-to-Block 3.41 3.08 3.17 3 Cable 79.1 80.5 82.2

2 End-Twist-Tie 3.09 3.37 3.28 Block-to-Block 74.0 83.4 81.7
• Average F.S. 3.43 3.31 3.30

Standard Deviation 0.27 0.24 0.14 -Cable Longitudinal Wires
Interblock 2.86 2.70 2.76 fpu = 250 ksi 0.162 0.141
Cable 3.16 3.10 3.04 .8 fpu 200 ksi fpu.- 204 ksi fpu = 215 ksi
Block-to-Block 2.75 237 2.62 Pu = 20 IC Pu = 4.2 k Pu = 3.35 k

1 End-Twist-Tie 2.70 2.96 2.96 2
Average F.S. 2.87 2.83 2.85 * SI conversion factor: I ksi = 6900 kN/m -

Standard Deviation 0.21 0.24 0.19

spring , the two longitudinal wire springs, and the end- Table CS presents the stress levels associated with
twist-tie connection were selected from each system the peak force levels predicted by the multi-square

• for the three different cases , and stresses and factors of force distribution model with the exception of the end-
safety were calculated for each wire. Tables C4 and C5 twist-tie wires. Stresses were not calculated for the end-
show these results. For these calculations, 20,000 lbf twist-tie wire because the area to be used in the calcula-
(89.0 kN) was used as the ultimate load capacity of tion was indeterminate. Results in Table CS indicate
the cable as determined by laboratory tests, 4200 lbf that all stresses are within acceptable levels.
(18.7 kN) and 3350 lbf (14.9 kN) were used as the
ultimate load capacity of the 0.162- and 0.141-in. (4.1 The bending stresses within the concre te blocks
and 3.6 mm) diameter wires, respectively; 3550 lbf were also calculated. For each of the three wire systems
(15.8 kN) was used for the ultimate load capacity of analyzed, the highest differential between the longitu-
end-twist-tie connection wire. Table C4 shows that for dinal wires at the top and bottom of the concrete block
each case , the factor of safety is greater than 2 and model was chosen. The block was then idealized as a
tends to decrease as the number of longitudinal wires simply supported beam with either three-, two- or one-
decreases. A more balanced factor of safety is observed point loads depending on the number of longitudinal
for case 3 with two longitudinal wires;for this combina- wires. The maximum moment at the center line was
lion the average factor of safety is 3.30 and the standard then obtained for the given load condition and the
deviation is 0.14. However, in considering the factors bending stress was calculated. The values for the
of safety, it should be remembered that fluid and bending stress were very low (less than IS psi 1103.5
inertial forces were considered negligible in the model kN/m2]) in each system and were not considered to
and that the factor of safety is based on an average have much influence on the overall analysis. Therefore ,
launch depth of 100 ft (30.5 m). they can be disregarded.
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APPENDIX D: DISCUSSION OF GAGES Accurate measurement with this gage requires a
solid supporting frame beneath the target so that the

CERL began development of the mechanical gage in applied forces produce indentation in the knife edges
April 1972 , using a nine-square test mat assembled at of the target rather than distortion and bending of the
the laboratory . The prototype gage was tested at target material.
Kentucky Point . KY, on 12 September 1972 and was
then modified to facilitate field installation. The original gege frame (Figure D5) has a measured

load-carrying capability in excess of 3600 Ibf(16.0 kN)In operation, the gage is installed in place of t he b r  sustained loads. Because of problems installin g thisusual mechanical connection at the location on the m a t gage in the restricted space between ~ uarcs in the field.where a force measurement is desired. For bracket the frame was modified in 1972 to permit easier instal-wire measurements the wire wrap is replaced with the lation. The modification essentially involved changing
bracket wire gage; for longitudinal wire measurements a bolt hole into a slot so that one side member couldthe longitudinal gage is installed instead of the longitu- be installed after the balance of the frame was in the
dinal end-twist-tie link. The wires press against the soft proper position (Figure D6). This modification weak-brass beveled-edge “target” as the mat is launched; the ened the gage frame and consequently reduced the gagedepth that the wires penetrate the target is a measure capacity for sustained loads. Failure of the gage frame
of the maximum force that occurred at that location in occurred in the slotted section (Figure D7). The resultsthe mattress during the launching operation. obtained in 1972 and 1973 with both the modified

and unmodified gages indicated, however, that theFigure Dl shows the gage configuration for longitu- strength of the modified gage was adequate for most ofdinal wire measurements and Figure D2 shows the the measurements taken.
configuration for bracket wire measurements (the semi-
circular notch is to accommodate the launch cable).

It should be stressed, however , that despite the
The target remains in place until it is retrieved, modified gage’s reduced load capacity , it provided

either while the mat is on the river bottom or at an other valuable information relative to mat behavior. It
earlier time. The retrieval mechanism is shown in Figure has been observed in testing under laboratory calibra-
D3. The assembled gages (Figures Dl and D5) are held tion conditions that there is a finite time of failure of
together by the “1” link; when this is pulled off by the the gage frame at loads which may be as low as 1500

• retrieval line, the gage sides swing aside and release the lbf (6.7 kN). The slotted hole section deforms relatively
target , which is recovered with the retrieval line, slowly; thus, this gage configuration has a certain time-

dependency of life and load. If the loads are applied
Gages are calibrated by application of a known force quickly and relieved quickly, the gage is capable of

through a wire configuration which reproduces the measurements significantly in excess of 1500 lbf
load geometry occurring on the fabric wire in the mat. (6.7 kN). The gage frame capacity under relatively
The resultant target indentation is optically measured rapid loads has been measured to at least 2400 lbf
to provide a calibration curve of target indentation (10.7 kN) without frame failure or severe distortion.

5 versus applied load. The loads are carefully applied to The maximum load measured with frame failure under
the calibration specimens so that a clear target indenta- particular testing conditions was 2700 lbf (12.0 kN).
tion is obtained. This value, however , should not be taken as a meaning.

ful upper bound, in that the load application rate was
• - Indented targets obtained from field tests are mea- neither rigorously controlled nor excessively high.

sured in the same manner to establish the applied load. Under sustained loads, the gage can be observed to fail
The penetration depth is taken as the perpendicular quite slowly, in the order of a few seconds. Finally,  it
distance of penetration from the undisturbed gage should be noted that these effects arc not perfectly
profile line (Figure 84). In the case of light loads, the reproducible. The capacity of the gage is critically
indentation mark obtained in the field is usually quite dependent on the frame geometry and manulactur ing
clean and appears to be identical to the calibration tolerances , because the effective lever system of the
specimens. Where loads are 3(100 lbf (13.3 kN)or more , gage puts approximately 90 percent of the applied
however ,the targetsoftenhaveotherdeformationwhich force on the slotted hole. Force on the target is not
results from gage frame distortions as described below, geometry-dependent.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Gage measurement tabulations have shown that The straight tip retained its proper back support and,
some units indicated loads in excess of the 1 500-lbf therefore, the load values determined from it should
(6.7 kN) value—which, if sustained, would have pro- be valid. If gross gage failure occurred, due either to
duced gage failure. To better evaluate these readings, extremely high or sustained loads, then both tips
the target indentations were read and each target was would be significantly distorted upon total failure of
inspected for deformation of the general shape. Such the frame, since both would lose their back support.
defonnation was observed, primarily in the extremities These effects have been verified in the laboratory. As
of the target legs. If the frame fails or is in the process described earlier, the target condition after recovery
of failing, separation of the target tips or leg ends must indicated the validity of the load values.
occur. As the target tip deforms, the indentations lose
their precise calibration because of sheeting action and In summary , one can reasonably accept those values
rotational effects of the wire and the change in geometry shown where at least one leg of the target remained
of the effective target area for the wire. straight or was deformed minimally. When both legs

were severely bent and/or the target was badly de-
Since the indentations obtained in field testing were formed, the results are questionable.

larger than desirable for precise calibration, all targets
were inspected for gross deformation of one or both In cases where only one leg was deformed while the
target tip ends. All targets in the 1973 series were also other remained straight, one can conclude that the in-

• inspected for gross physical distortion of the target , dicated loads did, indeed, exist long enough to cause
and to determine if one or both tips were deformed, If frame failure.
a single side of the target was deformed and the second
side retained its original geometry (Figure D8), it was There are also cases where loads of significant
assumed that the gage at least partially failed, but that magnitude (3 to 4 hips 113.3 to 17.8 kNJ ) were
during this time the load was still being carried properly measured, but gage frame failure did not occur, It must
by the tip which did not show distortion or bending. be assumed that these were short-duration loads.

-
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Figure Dl. Longitudinal wire gage.
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Figure D2. Bracket wire gage.
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Figure D3. Gage in retrieval mode.
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Figure D4 Typical target showing mdentations corresponding to a 2200 lb (9 7 kN) force

Figure D5. Original gage frame.

44



-- ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

Figure D6. Modified gage frame—slotted frame member. Figure D7. Gage frame failure at slotted section.

- ~~~~~~~~ -

Figure 08. Target from failed gage frame—indentation on the righ t side acceptable.
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APPENDIX E:
SUMMARY OF FY75 FORCE
MEASUREMENTS

• An instrumentation location chart for recording the field data was devised. The chart
grid corresponds to the mattress array so that each chart shows the spatial location of
gages on the mat and the force level recorded for that mat. Terminology and designations
conform with those described in Appendix A.
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